ABSTRACT High-throughput sequencing technologies play important roles in the study of animal enteric microorganisms. Fecal samples collected from 3 strains (9 samples) of specific-pathogen-free (SPF) ducks raised in an isolator. Duck intestinal bacterial flora were analyzed by sequencing distinct regions of the 16S rRNA genes using an Illumina HiSeq2500 platform. The result showed the most abundant primary enteric microbial phyla of 3 different strains of 70-week-old SPF ducks were Firmicutes, Proteobacteria, and Bacteroidetes, the most abundant primary enteric microbial order were Clostridiales, Lactobacillales, and Aeromonadales, and the most abundant primary enteric microbial genera were Bacteroides, Comamonas, and Enterococcus. In addition, the 3 duck strains harbored different compositions of the microorganisms, but these differences were not significant. Duck intestinal bacterial flora were analyzed using a high-throughput sequencing approach to further understand the distribution of intestinal flora and the biology of SPF ducks to ultimately benefit the purification of SPF ducks.
INTRODUCTION
Experimental poultry for epidemiological research are bred by artificial cultivation and carry specific microorganisms to establish control birds with clear genetic backgrounds. At present, specific-pathogen-free (SPF) poultry are used in poultry research and for production of biological products and experimental raw materials. SPF chickens have been widely used for poultry disease research and development of poultry vaccines, while little research is conducted using SPF ducks (Wu, 2013) .
Long periods of natural selection under specific environmental conditions in combination with feeding and rearing patterns are needed to produce various types of animals with characteristic intestinal ecosystems that contain diverse and complex microbial populations (Rastall, 2004; Ley et al., 2008; Costello et al., 2009) . The mutual influence and interactions of the microbial community with the host constitute the complex and diverse gut ecosystem (gut microbiota) of the host (Savage, 1977) . The composition of intestinal flora is closely related to host nutrition, metabolism, and immunity (Ley et al., 2006) . The host provides the required conditions and nutrients for growth and reproduction of gut microbes (i.e., oxygen, temperature, and pH), while the intestinal bacteria degrade and ferment some carbohydrates that the host does not produce for production of energy to improve the energy utilization ratio (Nicholson et al., 2005) . Gut microbes also play important roles in host metabolism, aid against pathogen attack, promote the development of immune organs, and activate the immune system.
In recent years, with the development of the second generation sequencing technologies, the technology has been applied to the study of the structure and function of the gastrointestinal microbial community in humans (Turnbaugh et al., 2009; Qin et al., 2010) , chickens (Lu and Domingo, 2008) , dogs (Swanson et al., 2011) , pigs (Lamendella et al., 2011) , cats (Tun et al., 2012) , and camels (Bhatt et al., 2013) , among others. Soo-Je et al. (Park et al., 2014 ) employed a high-throughput sequencing technique to sequence the genomes of intestinal flora to identify differences in meat quality and weight of 2 groups of pigs, and found differences in the populations of Oscillibacter, Lactobacillus, Rothia, and Clostridium species between the 2 groups, which indicated that intestinal flora may be associated with 2278 fat accumulation in pork. Rothia and Clostridium species produce linoleic acid and short-chain fatty acids, which contribute to the health and growth of pigs. The predominate phylotypes in chicken fecal samples were Firmicutes, Bacteroidetes, and Proteobacteria by 16S rRNA sequencing technique (Lu and Domingo, 2008) . A 454 pyrosequencing study of 6 dog fecal samples that employed random sequencing of microbial genomes found that Bacteroidetes/Chlorobi and Firmicutes accounted for about 35% of the analyzed sequences, followed by Proteobacteria (13%-15%) and Fusobacteria (7%-8%) (Swanson et al., 2011) . 16S rRNA sequencing technique studies of pig feces indicated that the dominant microorganisms were Firmicutes and Bacteroidetes (Lamendella et al., 2011) . A study of cat gut microbes conducted by Tun (1996) using the 454 pyrophosphate sequencing method determined the proportions of intestinal bacteria and identified a potential pathogen associated with antibiotic resistance genes (Tun et al., 2012) .
The Jin Ding duck, also known as the green head duck and South China duck, is a type of hemp duck that is a traditional variety of poultry in Fu Jian Province. In a previous study, Jin Ding ducks were hatched from progenitor Jin Ding duck eggs obtained from the JiangSu FengDa waterfowl breeding field of the National Waterfowl Germplasm Resource Gene Pool (Taizhou, China) and raised in an isolator from the age of 1 day to 70 weeks to produce ducks free from specific pathogens (i.e., highly pathogenic avian influenza virus, duck hepatitis virus, duck enteritis virus, avian lymphoid leukemia virus, avian reovirus, duck/goose parvovirus, duck circovirus, duck tembusu virus, and group III poultry adenoviruses). However, the bacterial distribution of SPF ducks remains unclear.
In the present study, high-throughput sequencing technology was first employed to sequence SPF duck intestinal flora to further elucidate the distribution of intestinal flora and the biology of different strains SPF ducks to provide a reference for the purification of SPF ducks.
MATERIALS AND METHODS

Ethical Statement
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and approved by the Harbin Veterinary Research Institute.
Extraction of Microbial Genomic DNA
Fecal samples were collected from 3 strains of SPF ducks (samples A1, A2, A3, B1, B2, B3, and C1, C2, C3) and stored at −80
• C for subsequent sequencing until assayed. Seventy-week-old SPF ducks were provided by the Center of Laboratory Animal of Harbin Veterinary Research Institute. The bacteria were pelleted by centrifugation and resuspended in phosphatebuffered saline solution. Total microbial genomic DNA from the samples was extracted using the cetyltrimethyl ammonium bromide/sodium dodecyl sulfate (CTAB/ SDS) method. DNA concentration and purity was monitored on 1% agarose gels. For the following experiments, DNA was diluted to a concentration of 10 ng/μL in sterile water. Then quantification, qualification, mixing, and purification of the polymerase chain reaction (PCR) products.
Amplicon Generation
The V4 region of 16S rRNA genes was amplified using an Illumina HiSeq2500 platform (Novogene, Beijing, China) in accordance with the standard protocol of the manufacturer. All PCR reactions were carried out with Phusion R High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA).
Library Preparation and Sequencing
Sequencing libraries were generated using the TruSeq R DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA), following manufacturer's recommendations, and index codes were added. The library quality was assessed using a Qubit R 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA) and an Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA). The library was sequenced on an Illumina HiSeq2500 platform and 250-bp paired-end reads were generated.
Data Analysis
Raw sequencing data contains joint information, lowmass bases, and unmeasured bases (N), which can cause significant interference to subsequent information analysis. Therefore, measures were implemented to rule out invalid data to ensure valid analysis of biological information. Through careful filtering methods to get rid of the interference information, the resulting data were validated as clean data or clean reads. Flash software (Magoc and Salzberg, 2011 ) was used to filter out reads of joint and barcode sequences, and to splice overlapping reads. QIIME software (Caporaso et al., 2011) was used to filter splicing data, low-quality bases, and chimeric sequences in spliced sequences.
Clustering and species classification analysis was conducted using the operational taxonomic units (OTUs) of the clean data. According to the clustering result, each representative OTU sequence was annotated to a specific species. At the same time, the abundance of OTUs, alpha diversity calculation, and petal figure and Venn diagram analyses were conducted to identify species richness and evenness of information of specific or shared OTU information between different samples 
Statistical Analysis
MetaStat software (MetaStat, Inc., Boston, MA) was used to analyze the 10 most abundant taxonomic sequence tags of the 3 sample groups. A probability (P) value of < 0.05 was considered statistically significant.
RESULTS
Sequencing and Quality Control
Sequencing of the DNA sequences extracted from the feces of SPF ducks to obtain raw sequence (PE reads). The length of the effective sequence tags varied between 420 and 427 bp. Joint information, low mass bases, unmeasured bases (N), and chimeras were removed from the raw sequencing data to obtain clean sequences. A total number of 36,513, 32,533, and 37,193 clean tags were obtained for samples A, B, and C, respectively. Sequencing data quality was mainly distributed above Q20, so as to ensure normality of the subsequent advanced analysis. Redundancy of the clean sequence tags was determined using mothur software (http:// www.mothur.org/), which identified 31,296, 29,185, and 30,785 unique sequence tags for strains A, B, and C, respectively (Table 1) . Each unique sequence tag was compared to the sequences of the 16S rRNA genes of distinct regions using the Basic Local Alignment Search Tool for Nucleotides (https://blast.ncbi. nlm.nih.gov/Blast.cgi?PAGE TYPE=BlastSearch).
Data Indices
In order to determine the diversity of species among the samples, clusters of the effective tags of all samples, with 97% identities, were used for clustering the OTU sequences. All effective tags of the samples shared sequence identities of > 97% to those of known species, which almost accounted for 100% of the OTUs of samples A and C, suggesting that no new genera or species were detected in samples A and C, while 3 sequence tags were unclassified. Therefore, further analysis is needed to identify microorganisms inhabiting the duck gastrointestinal tract (Figure 1 ).
Further analysis of the sequence tags of samples A, B, and C (770, 587, and 769 OTUs, respectively) showed that 499 OTUs were detected in all samples. Samples A and B shared 540 OTUs, samples A and C shared 664 OTUs, and samples B and C shared 529 OTUs. In addition, 65 OTUs were unique to sample A, 17 OTUs were unique to sample B, and 75 OTUs were unique to sample C (Figure 2) .
The majority (>98%) of sequences were classified at below the domain level and more than 60% of the tags were assigned to a genus. However, only select sequence tags could be classified at the species level (Figure 3) .
Species rarefaction curves of the observed species were firstly very steep and then all curves gradually tended to be flat at the end, which illustrated that the existing sequencing data volume was reasonable (Figure 4a ).The rank-abundance curve directly showed relative richness and evenness of microbial species in all 9 samples. Due to the complex intestinal flora in feces, the slopes of curves were small, which indicated a high degree of evenness among the microbial (Figure 4b) .
Alpha diversity was applied to clarify the richness and diversity of microbes in the samples. However, according to the alpha diversity metrics, sample B was also characterized by a lower Shannon entropy and lower ACE index, indicating that the microbial community in sample B was less diverse than in samples A and C. Additionally, calculation of the beta diversity indicated comparative diversities of microbial communities in the different samples.
Microbial Community Analysis in the Three Strains
Taxonomic information for each representative sequence was determined using the GreenGene database (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) with Ribosomal Database Project classifiers. Based on the average relative abundance analysis, at the phylum level, the majority of sequences in the 3 groups samples were assigned to 10 phyla: Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Fusobacteria, Synergistetes, Verrucomicrobia, Tenericutes, Cyanobacteria, and Elusimicrobia. The top 3 phyla of strain A were Firmicutes (68.23%), Bacteroidetes (18.29%), and Proteobacteria (10.99%). The top 3 phyla of strain B were Firmicutes (56.39%), Proteobacteria (31.72%), and Bacteroidetes (10.17%), while the top 3 phyla of strain C were Firmicutes (74.04%), Proteobacteria (12.79%), and Bacteroidetes (9%). Although there were few Synergistetes and Elusimicrobia species in strains A and C, none of the sequence tags in group B were assigned to these 2 phyla (Figure 5a ). No significant differences (P > 0.05) were observed among the 3 groups of samples in any phylum level.
Based on average relative abundance analysis, at the order level, the majority of sequences in the 3 group samples were assigned to 10 orders: Clostridiales, Lactobacillales, Aeromonadales, Bacteroidales, Burkholderiales, Bacillales, Actinomycetales, Erysipelotrichales, Xanthomonadales, Pseudomonadales. All of the top 10 orders existed in each of the 3 groups. The top 3 orders of group A were Clostridiales (37.36%), Lactobacillales (22.57%), and Bacteroidales (18.02%). The top 3 orders of group B were Lactobacillales (29.19%), Clostridiales (20.27%), and Aeromonadales (17.01%), while the top 3 orders of strain C were Clostridiales (34.46%), Lactobacillales (29.62%), and Bacteroidales (8.15%) (Figure 5b ). No significant difference (P > 0.05) was observed among the 3 groups of samples in any order level.
Based on average relative abundance analysis, at the genus level, the majority of sequences in the 3 groups of samples were assigned to 10 genera: Bacteroides, Comamonas, Enterococcus, Roseburia, Faecalibacterium, Vagococcus, Streptococcus, Aerococcus, Sporosarcina, and Blautia. All the top 10 genera existed in 3 groups. The top 3 genera of group A were Bacteroides (15.08%), Enterococcus (9.31%), and Faecalibacterium (3.54%). The top 3 genera of strain B were Enterococcus (12.48%), Comamonas (8.0%), and Bacteroides (7.38%), while the top 3 genera of strain C were Enterococcus (10.24%), Bacteroides (5.89%), and Faecalibacterium (5.16%) (Figure 5c ). No significant difference (P > 0.05) was observed among the 3 groups of samples in any genus level. The species annotation results showed that the greatest abundance of species were of the phylum Firmicutes (70.51%). Approximately 70.58% of the sequence tags of this phylum were assigned to the class Bacilli and the remaining sequence tags were assigned to the class Clostridia. Microorganisms annotated to the class Bacilli were most abundant in sample C and least abundant in strain A. Most (90.4%) of the sequence tags of this class were assigned to the order Lactobacillales, and the remaining were assigned to the order Bacillales. Enterococcaceae was the most dominate family in strains B and C, accounting for approximately 18.6% and 13.79% of the sequence tags, respectively. Meanwhile, Planococcaceae was the most dominate family in strain A, accounting for approximately 31.46% of all sequence tags. The second-highest abundance of sequence tags in strain A were categorized to the phylum Bacteroidetes, which was ranked third in strains B and C. All sequence tags of all samples were assigned to class Bacteroidia, order Bacteroidales, family Bacteroidaceae, genus Bacteroides, and included the species Bamesiae, Coprophilus, Coprosuls, Fragilis, Ovatus, and Plebeius. Proteobacteria was the second most-prevalent phylum in strains B and C, and the third most-prevalent in strain A. All sequence tags were assigned to class Betaproteobacteria, order Burkholderia, family Comamonadaceae, genus Comamonas, It is worth mentioning that the abundance of phylum Proteobacteria (31.72%) in strain B was much higher than in the other 2 strains (Figure 6 ).
Beta Diversity Index Analysis Beta Diversity Index Analysis was measured to estimate the divergence of microbial species among 3 groups, which based on the weighted UniFrac and Unweighted Unifrac distance cluster analysis, a dissimilarity coefficient for samples (Figure 7) . The lower dissimilarity coefficients indicate the less divergence of microbial species. This study, the dissimilarity coefficients were measured to be 0.279 (0.346) bacterial diversities between strains A and B .The dissimilarity coefficients were measured to be 0.189 (0.238) bacterial diversities between strains A and C. The dissimilarity coefficients were measured to be 0.194 (0.314) bacterial diversities between group B and C. The result showed more divergence of microbial species between A and B than between A and C, between B and C.
DISCUSSION
Illumina sequencing has provided system development description of gastrointestinal microbial species. Compared with other molecular biology techniques, data generated by high-throughput sequencing technologies is more direct and comprehensive (Qin et al., 2010) . Enteric microbes are closely related to animal feeding, energy metabolism, and health (Ley et al., 2008) . Elucidation of the composition of enteric microbes will not only contribute to the understanding of gastrointestinal physiology, but also is conducive to the long-term development of animal husbandry. In the present study, the Illumina genome sequencing platform was used for confirmation of distinct regions of the 16S rRNA genes sequence, and determination of the enteric microbial species of different strains of SPF ducks. To the best of our knowledge, this is the first study to use a high-throughput technique to study enteric microbial species of different strains of SPF ducks.
Previous high-throughput sequencing studies have shown that Bacteroidetes, Proteobacteria, Actinobacteria, and Firmicutes were the dominant species in the gastrointestinal tract of humans, loris, and other animals, although the relative proportion of species differed. According to the sequence results obtained in this study, the most common phyla were Firmicutes, Bacteroidetes, and Proteobacteria, which is similar to the gut microbes of many other species. Long-term intake of fat can increase the proportion of Firmicutes to Bacteroidetes, while the intake of dietary fiber may lead to a decrease in the ratio of Firmicutes to Bacteroidetes species (Peng et al., 2015) . The proportion of Firmicutes bacteria was higher than in previous reports and this change can affect the metabolism and function of gut microbes, thereby altering the ability of the host to derive energy from food. In addition, Firmicutes may play important roles in the gastrointestinal health of ducks.
The gastrointestinal microbial system of poultry is an organic body made up of various bacteria species that can be divided into harmful microbes and mutualistic microorganisms (Jeurissen et al., 2002) . The results of the present showed the absence of other reported pathogenic microbes, such as Ornithobacterium rhinotracheale, Salmonella sp., Riemerella anatipestifer, Pasteurella multocida, and Staphylococcus aureus, while Enterococcus and Streptococcus species were found in all 3 samples. However, further research is needed to determine whether Enterococcus and Streptococcus are pathogenic to ducks.
The animal gut is a dynamic ecosystem composed of a diversity of microbes that is influenced by the host itself as well as the external environment. At present, it is generally believed that the diet, age, and genotype of the host are important factors that affect the diversity of the intestinal microflora (Toivanen et al., 2001 ; Zoetendal et al., 2006) . In this study, the main factor affecting the diversity of the intestinal microflora was thought to be the host genotype, although there was no significant difference observed in the proportion of 3 different strains, implying that the duck genotype may not necessarily influence the composition of gut microbes.
In conclusion, the microbiome composition and diversity of the 3 strains of SPF ducks were investigated to compare the similarities and differences between duck strains. This study is the first to use high-throughput technology to investigate the enteric microbial diversity in ducks. Sequencing of the duck intestinal flora by high-throughput sequencing should provide useful information to further understand the distribution of intestinal flora and the biology of SPF ducks. The results of this study also help to advance our understanding of host and microbe symbiosis to facilitate improvements in animal health and production. 
